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Impact of Nitrogen Fertilization and Cropping System on Carbon
Sequestration in Midwestern Mollisols
Abstract
Growing interest in the potential for agricultural soils to provide a sink for atmospheric C has prompted
studies of effects of management on soil organic carbon (SOC) sequestration. We analyzed the impact on
SOC of four N fertilization rates (0–270 kg N ha−1) and four cropping systems: continuous corn (CC) (Zea
mays L.); corn–soybean [Glycine max (L.) Merr.] (CS); corn–corn–oat–alfalfa (oat, Avena sativa L.; alfalfa,
Medicago sativa L.) (CCOA), and corn–oat–alfalfa–alfalfa (COAA). Soils were sampled in 2002, Years 23 and
48 of the experiments located in northeast and north-central Iowa, respectively. The experiments were
conducted using a replicated split-plot design under conventional tillage. A native prairie was sampled to
provide a reference (for one site only). Cropping systems that contained alfalfa had the highest SOC stocks,
whereas the CS system generally had the lowest SOC stocks. Concentrations of SOC increased significantly
between 1990 and 2002 in only two of the nine systems for which historical data were available, the fertilized
CC and COAA systems at one site. Soil quality indices such as particulate organic carbon (POC) were
influenced by cropping system, with CS < CC < CCOA. In the native prairie, SOC, POC, and resistant C
concentrations were 2.8, 2.6, and 3.9 times, respectively, the highest values in cropped soil, indicating that
cultivated soils had not recovered to precultivation conditions. Although corn yields increased with N
additions, N fertilization increased SOC stocks only in the CC system at one site. Considering the C cost for
N fertilizer production, N fertilization generally had a net negative effect on C sequestration.
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Impact of Nitrogen Fertilization and Cropping System
on Carbon Sequestration in Midwestern Mollisols
A. E. Russell,* D. A. Laird, T. B. Parkin, and A. P. Mallarino
ABSTRACT experiments indicated that increasing crop rotation com-
plexity increased SOC sequestration by 20 g C m2 yr1,Growing interest in the potential for agricultural soils to provide
on average (West and Post, 2002). In long-term experi-a sink for atmospheric C has prompted studies of effects of manage-
ment on soil organic carbon (SOC) sequestration. We analyzed the ments in Canada, SOC sequestration rates were 50 to
impact on SOC of four N fertilization rates (0–270 kg N ha1) and four 75 g C m2 yr1 in well-fertilized soils with optimum
cropping systems: continuous corn (CC) (Zea mays L.); corn–soybean cropping systems (Dumanski et al., 1998). In contrast,
[Glycine max (L.) Merr.] (CS); corn–corn–oat–alfalfa (oat, Avena long-term experiments in the northernGreat Plains (ND)
sativaL.; alfalfa,Medicago sativaL.) (CCOA), and corn–oat–alfalfa– have shown that fertilizer N increased crop residue re-
alfalfa (COAA). Soils were sampled in 2002, Years 23 and 48 of the turns, but generally did not increase SOC sequestration
experiments located in northeast and north-central Iowa, respectively.
(Halvorson et al., 2002). Timing and intensity of tillageThe experiments were conducted using a replicated split-plot design
also must be taken into account in the design of bestunder conventional tillage. A native prairie was sampled to provide
management practices for maximizing SOC sequestra-a reference (for one site only). Cropping systems that contained alfalfa
tion (Studdert and Echeverrı´a, 2000).had the highest SOC stocks, whereas the CS system generally had
the lowest SOC stocks. Concentrations of SOC increased significantly Changes in SOC due to management practices are diffi-
between 1990 and 2002 in only two of the nine systems for which cult to quantify because changes occur slowly, are rela-
historical data were available, the fertilized CC and COAA systems tively small compared with the total SOC pool size, and
at one site. Soil quality indices such as particulate organic carbon vary both spatially and temporally (Paustian et al., 1997;
(POC) were influenced by cropping system, with CS CC CCOA. Russell et al., 2004). Soil C fractions, such as POC and
In the native prairie, SOC, POC, and resistant C concentrations were potentially mineralizable carbon (PMC), are expected
2.8, 2.6, and 3.9 times, respectively, the highest values in cropped soil,
to be more responsive to management than total SOCindicating that cultivated soils had not recovered to precultivation
(Powlson and Jenkinson, 1981; Cambardella and Elliott,conditions. Although corn yields increased with N additions, N fertil-
1992). Thus, these fractions may serve as harbingers ofization increased SOC stocks only in the CC system at one site.
future changes in total SOC that are presently undetect-Considering the C cost for N fertilizer production, N fertilization
generally had a net negative effect on C sequestration. able. Whereas PMC provides an index of labile SOC,
POC is a measure of SOC that turns over on intermedi-
ate time scales (Cambardella and Elliott, 1992). Resis-
tant SOC generally has longer turnover times, and thusThere is a critical need for best management prac- provides information about the long-term potential fortices that enhance SOC sequestration. At the local
SOC sequestration (Paul et al., 2001). Because theseand regional levels, increased SOC contributes posi-
soil C fractions are characterized by their turnover times,tively to soil tilth, fertility, and water-holding capacity,
their pool sizes provide insight into the effects of man-and thereby increases crop production, promotes sus-
agement practices that could not be gleaned from stud-tainability, and enhances land value for producers (Lal
ies of total SOC alone.et al., 1997). At the global level, increased sequestration
Model simulations indicate that reduced tillage andof C in agricultural soils has the potential to mitigate
greater inputs of organic matter can return soils to pre-the increase in atmospheric greenhouse gases (Sampson
cultivation levels of SOC (Paustian et al., 1998). Mod-and Scholes, 2000; Young, 2003). Widespread adoption
eled potential C sequestration, however, may not beof recommendedmanagement practices could sequester
readily attainable (Ingram and Fernandes, 2001) due to45 to 98 Tg of SOC in croplands in the USA (Lal, 2003).
various limiting factors (e.g., climate, time, and less-Within the current conceptual framework, manage-
than-optimum management). Realistic estimates of SOCment practices that optimize cropping systems and N
sequestration potential are best derived from carefulfertilization are believed to offer the greatest potential
analysis of long-term, replicated experiments in sitesfor increasing SOC storage in agricultural soils (Lal et
without confounding histories. Currently, there is a needal., 1999; Lal, 2002). For example, analysis of long-term
for more data for some of the most productive and
intensively managed soils of the world, Mollisols in theA.E. Russell, Dep. of Natural Resource Ecology &Management, Iowa
midwestern Corn Belt. Well-managed long-term experi-State Univ., Ames IA 50011; D.A. Laird and T.B. Parkin, USDA-ARS,
National Soil Tilth Lab., Ames IA 50011; A.P. Mallarino, Dep. of mental sites are rare, but thanks to the diligence of our
Agronomy, Iowa State Univ., Ames IA 50011. Contribution from the predecessors we had access to two sites with experi-
National Soil Tilth Laboratory. Trade names and company names are
included for the benefit of the reader and do not imply any endorsement
Abbreviations: b, bulk density; CC, continuous corn; CCOA, corn–or preferential treatment of the product listed by the USDA. Received
corn–oat–alfalfa; CE, Carlo-Erba; COAA, corn–oat–alfalfa–alfalfa;1 July 2004. *Corresponding author (arussell@iastate.edu).
CS, corn–soybean; MAP, mean annual precipitation; PMC, potential
mineralization of carbon; POC, particulate organic carbon; SIC, soilPublished in Soil Sci. Soc. Am. J. 69:413–422 (2005).
© Soil Science Society of America inorganic carbon; SOC, soil organic carbon; SOM, soil organic matter;
TN, total nitrogen; WB, Walkley-Black.677 S. Segoe Rd., Madison, WI 53711 USA
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414 SOIL SCI. SOC. AM. J., VOL. 69, MARCH–APRIL 2005
Nashua, was also sampled to provide a reference point. Thements designed for testing long-term effects of N fertil-
predominant soil series were similar to those at Nashua. Theization and cropping systems under conventional man-
dominant plant species included Poa pratensis L., Kentuckyagement. The objectives of this study were to quantify
bluegrass; Andropogon gerardii Vitman, big bluestem; He-the long-term effects of N fertilization and cropping
liopsis helianthoides (L.) Sweet, smooth oxeye; Rosa arkan-system on SOC stocks and fractions, to determine the sana Porter, prairie rose; Calamagrostis canadensis Michx.
rate of change in SOC during the last 12 yr, and to ad- (Beauv.), Bluejoint reedgrass; and Thalictrum dasycarpum
vance understanding of the mechanisms by which these Fisch. & Ave´-Lall, purple meadow rue (Christensen, 1996).
management systems influence soil C sequestration. The Kanawha site is 120 km west of Nashua. We had no
reference for the Kanawha site, because native prairie on
similar soils no longer exists near Kanawha. Mean annual
MATERIALS AND METHODS precipitation (MAP) was 806 mm at Kanawha, ranging from
533 mm (1989) to 1221 mm (1993) during a 53-yr period (dataSite Descriptions
from Clarion station) (1951–2003) (Iowa Environmental Mes-
Soil samples for this study were collected from selected onet, 2004). At Nashua, MAP was 847 mm, with a range of
plots of two long-term experiments regarding cropping system 421 mm (1989) to 1304 mm (1999) (Charles City station).
and N fertilization and one native prairie site. The experimen- Hayden Prairie MAP was 845 mm and ranged from 492 mm
tal sites, Nashua and Kanawha, named after nearby towns, (1989) to 1161 mm (1999) (Osage station).
were located in fields of the Iowa State University Northeast
and Northern Research and Demonstration Farms, respec-
Sampling Protocoltively. The experiments were established in 1954 at Kanawha
and in 1979 at Nashua. Information about cropping systems, For an intensive study at the Nashua site in 2001, soil sam-
soil management, N fertilization treatments, and crop yields ples (0–15 cm) were collected monthly (April–November)
has been published before (Mallarino and Pecinovsky, 1999; from plots of the 0- and 180-N treatments of the CC, CS, and
Mallarino and Rueber, 1999). Methods relevant to this SOC CCOA systems. For an extensive study in 2002, soil profile
sequestration study are briefly summarized here. Treatments samples (0–5, 5–15, 15–30, 30–50, 50–75, and 75–100 cm) were
included four N fertilization rates, 0 to 270 kg N ha1 applied collected from all N treatments and cropping systems at both
only to corn at both sites, three cropping systems at Nashua, sites during a single postharvest sampling (in October) before
and four cropping systems at Kanawha. The systems sampled fall tillage, and also from the native prairie (in late August).
were CC for grain, CS, CCOA, and COAA (Kanawha only). Soil cores were taken using a 3.2-cm-diam. probe in 2001, a
In previous studies at these sites, the alfalfa phase in the 4.1-cm-diam. probe in 2002 for the agricultural plots, and a
rotation was referred to as “meadow” (Robinson et al., 1996). 6.0-cm core for the prairie. Six soil cores were taken from
At both sites, all phases of each rotation are present in every each plot, at points randomly selectedwithin a design stratified
year, but we sampled only plots of the first corn phase of the by position: in the cornrow, the midpoint between cornrows,
rotations. A split-plot randomized block design was used at and halfway between those two positions. The six cores, col-
both sites, with cropping system inmain plots andN treatments lected at Nashua and Kanawha from each plot and soil depth,
in subplots. The Nashua site had three blocks for a total of were bulked into a composite sample. The six cores that were
36 plots, and the Kanawha site had two blocks, 32 plots total. taken from the prairie were analyzed separately (because rep-
Subplot size was 4.6 by 15.2 m at Nashua and 6.1 by 12.2 m licates were not applicable). To avoid edge effects, no samples
at Kanawha. The predominant soil at Nashua was Kenyon were collected within 1 m of the borders of the contiguous
(fine-loamy,mixed, superactive,mesic TypicHapludolls), with plots. All samples were air-dried, roots were removed, rock
a smaller area of Readlyn (fine-loamy, mixed, superactive, masses and volumes were determined, and soil was passed
mesic Aquic Hapludolls). Average particle size composition through a 2-mm sieve. Subsamples were dried at 105C to
for the 15-cm surface layer (Robinson et al., 1996) was 319, determine conversion factors to a 105C dry-weight basis.
456, and 224 g kg1 for sand, silt, and clay, respectively. The For the intensive study, we measured SOC, total nitrogen
soil at Kanawha was Webster (fine-loamy, mixed, superactive, (TN), PMC, POC, and resistant C (non-acid-hydrolyzable),
mesic Typic Endoaquolls). Average particle size composition for samples collected from April to November for one depth
for the 15-cm layer (Robinson et al., 1996) was 219, 449, and increment (0–15 cm). For the extensive study, we measured
332 g kg1 for sand, silt, and clay, respectively. bulk density (b), SOC, TN, and soil inorganic carbon (SIC)
for each depth increment, while PMC was measured only forAt both sites, all cropping systems were tile drained and
the 5- to 15-cm depth.rain fed. Primary tillage in the fall following corn and alfalfa
was chisel plowing at Nashua and moldboard plowing at Ka-
nawha. At both sites, the soils were always disked once in Laboratory Evaluationsthe spring, hence spring disking was the only tillage used for
soybean residues. Nitrogen fertilizer treatments were applied Total soil C and TN were determined by dry combustion
using a Carlo-Erba NA1500 NSC elemental analyzer (Haakein spring before disking, using granulated urea at rates of 0,
90, 180, and 270 kg N ha1. At Kanawha, N rates had been Buchler Instruments, Paterson, NJ) (CE method). Total SOC
concentration was calculated as the difference between totalincreased in 1971, and again in 1984 to keep pace with contem-
porary practices. The N rates were 0, 34, 68, and 136 kg N C and SIC, which was measured by the modified pressure-
calcimeter method (Sherrod et al., 2002). Storage of SOCha1 from 1954 until 1970. In 1971, the 34-kg N rate was
changed to 202 kg N ha1. A final change of N rates was made was calculated as the product of b, soil thickness, and SOC
concentration. Bulk density was determined for each depthin 1984, when the 68-kg rate was changed to 90 kg, the 136-
kg rate to 180 kg, and the 202-kg rate was changed to 270 kg. increment by the soil core method, using the samples collected
in October 2002 (Blake and Hartge, 1986). MeasurementsSince 1984, the N rates evaluated have been 0, 90, 180, and
270 kg N ha1, the same as at Nashua. These N-rate treatments were corrected to exclude rocks. Sampling of unequal soil
masses across treatments and across time can introduce biaswill be referred to as 0-N, 90-N, 180-N, and 270-N. An undis-
turbed prairie (Hayden Prairie), located 50 km north of into calculations of SOC stocks (Ellert et al., 2001). To mini-
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RUSSELL ET AL.: N AND CROP EFFECTS ON SOIL C SEQUESTRATION 415
mize this bias, we used mean b across all plots within sites did not differ significantly. In the 2002 sampling, air-dried
2-mm-sieved soils were used in the assays of 5-g samples withand depths in our calculations of SOC stocks, and sampled
extensively to characterize each site when b would be least three laboratory replicates using an IRGA (Model 3300,Auto-
mated Custom Systems, Orange, CA). Soil samples were hy-variable among treatments (postharvest, but before tillage).
Plots at both sites were uniformly level, so differences in losses drated to 50% water-filled pore space before incubation. The
PMC was high in the prairie soils, so to avoid surpassingdue to erosion were assumed to be equal. In the agricultural
plots, the layer most sensitive to treatment effects, 0 to 15 cm, the measurement capacity of the IRGA, sample masses were
reduced to 3 g, and six replicates were analyzed. Incubation-was situated well within the homogenized plow layer, such
that samples at fixed depths within this layer were comparable tube atmosphere was kept hydrated by piping the air supply
through a water bath.among treatments and across time. Low b in the prairie re-
sulted in a soil sample mass of only 6.57 kg, compared with Particulate organic C was quantified according the method
of Cambardella and Elliott (1992). A single 10-g sample peran average of 10.12 kg per fixed volume (0- to 100-cm depth)
in the Nashua agricultural plots. To compare soils on an equiv- plot was first dispersed by shaking 18 h on a reciprocal shaker
in 30 mL of 5 g L1 sodium metaphosphate. The sample wasalent-mass basis with the prairie soils, SOC stocks in the ag-
ricultural soils were summed to a depth of 67.7 cm. rinsed thoroughly with distilled water and passed through a
53-m sieve. The (silt  clay) material that passed throughHistorical SOC data were not available from the beginning
of either experiment; however, published data from a 1990 the sieves was captured in a receiving pan, dried at 70C,
ground with mortar and pestle, and analyzed for SOC andsoil sampling for selected plots were available (Robinson,
1993). To assess changes in SOC across time, we compared TN. The amount retained on the sieve (POC plus sand) was
dried at 50C and weighed. The POC was calculated as theour SOC concentrations for 0 to 15 cm measured in 2002 with
concentrations reported by Robinson (1993) for the same difference between SOC and silt  clay SOC, corrected for
the amount recovered. Particulate OC was analyzed in thedepth and treatments in 1990: CC (0-N and 180-N), CS (180-N),
CCOA (180-N), and COAA (180-N, Kanawha only). At samples taken from April to July.
The passive or resistant soil C fraction was determined byNashua, measurements in 1990 and 2002 correspond to Years
11 and 23 of the experiment. At Kanawha, the 0-N treatment refluxing 1 g soil in 5 mL 6 M HCl at 115C for 18 h in
a temperature-controlled digestion block (Paul et al., 2001).had been in effect since 1954, so these measurements corre-
spond to Years 36 (by 1990) and 48 (by 2002) without N Refluxed samples were washed in 1000 mL deionized water,
dried at 55C, and ground in a mortar and pestle for analysesfertilization. In the 1990 study, SOC was determined by the
Walkley-Black (WB) method (Robinson et al., 1996), whereas of C and N. Values were corrected for non-C content lost
during hydrolysis. Although material in this fraction is rela-we used dry combustion, the CE method. Thus, to make com-
parisons between sample dates, it was necessary to determine tively old, it may also contain newer SOC from modern plant
lignin that is not hydrolyzed (Paul et al., 2001).site-specific conversion factors between the two methods. We
analyzed SOC by both WB and CE in two cropping systems
(CS and CCOA), two N levels (0- and 180-N), and two depths Statistical Analyses and Calculations
(0–5 and 5–15 cm) for all blocks at Nashua (24 samples total)
Analyses of variance for testing cropping system and Nand Kanawha (16 samples). We assumed a constant factor of
fertilization effects on measurements were conducted for a1.724 for conversion of soil organic matter (SOM) determined
split-plot randomized block design using PROCGLM of SASbyWB to SOC (Nelson and Sommers, 1996). The relationships
(SAS Institute, 1990) with all effects treated as fixed (Littellbetween SOC (g kg1) estimated by the two methods were:
et al., 1991). Treatment means were compared using Tukey’sNashua, CE  1.05  WB  6.19 (R2  0.989); Kanawha,
studentized (HSD) multiple-comparison test. Planned com-CE  0.892  WB  5.56 (R2  0.984). Historical data for
parisons within a cropping system were unfertilized (0-N) vs.WB conversion factors were not available, so the untested
fertilized treatments (90-N, 180-N, and 270-N). At Kanawha,assumption was that there was no change.
planned comparisons within an N treatment consisted of con-Potentially mineralizable C was assayed by measures of
trasts between cropping systems with and without alfalfa inCO2–C released during 28-d laboratory incubations at 23C
the rotation (CC and CS vs. CCOA and COAA). For the(Paul et al., 2001, Russell et al., 2004). For the 2001 samples,
response variables measured at monthly intervals in 2001 (POC,field-moist soil was sieved (4 mm) and kept refrigerated until
PMC, and resistant C), ANOVA was first conducted using aincubations began, within 48 h of collection. For each sample
repeated measures design to test for differences among thetime and plot, 20 g of soil were incubated in vials placed in a
monthly sampling times (Littell et al., 1991). Relationshipsone-pint (473 mL) Ball jar. Approximately 1.5 mL of distilled
between PMC and SOCwere assessed using correlation analy-water was added to the bottom of each Ball jar to keep the
sis (SAS Institute, 1990).atmosphere hydrated. Duplicates were run on all samples. Soil
Gross and net C sequestration were calculated as describedmoisturewas low at all sampling times fromMay toNovember,
by Schlesinger (2000), using a factor of 1.4 to represent theso distilled water was added to adjust samples to 50% water-
full accounting of emissions of CO2 associated with all aspectsfilled pore space before incubations in those months. Sub-
involved in N fertilizer production, transportation, and appli-samples were dried at 105C to determine moist-to-dry-weight
cation (Cole et al., 1993; Izaurralde et al., 1998). Nitrogenconversion factors. Rate of CO2–C released was measured
fertilization effects on SOC were calculated as the differenceperiodically (before CO2 concentrations reached 4%) by flush-
between SOC in fertilized and unfertilized plots sampled ining the jar headspace through an infrared gas analyzer for
2002 because no data were available from the beginning of2001 samples (IRGA, Rosemount Analytical, Inc., Orrville,
the experiment.OH) (Paul et al., 2001). In 2002, the sameprinciples but slightly
different methods were applied to accommodate the exten-
siveness of the field sampling and to conform to protocols of RESULTS AND DISCUSSION
a multisite project. The depths sampled were 0 to 15 cm in
Soil profiles differed among the two agricultural sites2001 and 5 to 15 cm in 2002. Because these soils were mold-
and the native prairie, with regard to SOC and SICboard and chisel plowed, the top 15 cmwas well homogenized;
preliminary SOC data indicated that the two sampled layers concentrations, C/N ratio, and b (Fig. 1). In the 0- to
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416 SOIL SCI. SOC. AM. J., VOL. 69, MARCH–APRIL 2005
Fig. 1. Average soil organic C concentrations, C/N ratio, and bulk density, 0–100 cm at two long-term cropping system experiments conducted
in north central (Kanawha) and northeast (Nashua) Iowa, and a native undisturbed prairie site located 50 km from the Nashua cropping
system experiment. Data for soil inorganic C (SIC, g kg1) are for Kanawha, the only site with measurable concentration of carbonates.
15-cm depth interval, the prairie’s SOC (66.1 	 1.2 g 104, and 119, respectively; at Kanawha, the respective
values were 179, 178, 147, and 163.kg1) was 2.8 times higher than the highest SOC for the
cropping systems at Nashua, CCOA, whether fertilized High variability in SOC, relative to differences among
treatments, contributed to the lack of statistical signifi-or not (22.7 	 0.3 g C kg1 in 0-N and 23.6 	 0.7 g C
kg1 in 270-N). Throughout the entire 100-cm profile, cance. At Kanawha, other factors contributed to the
lack of significant effect of N fertilization: only two repli-b was substantially lower in the prairie, and C/N tended
to be higher. cates for each treatment, high variability between the
two blocks, and a high buffering capacity of the soil dueAmong all combinations of treatments, SOC stocks
(0–100 cm, fixed-volume basis) at Nashua were lowest to the high soil clay content. Omay et al. (1997) found
no significant increase in SOC with N fertilization atin CS (0-N), 76MgCha1, and highest in CCOA (270-N),
119 Mg C ha1 (Table 1). At Kanawha, SOC ranged two long-term sites in Kansas. Neither N fertilization
nor cropping system influenced concentrations of SICfrom a low of 120 Mg C ha1 in CC (90-N) to a high
of 186 Mg C ha1 in the CCOA (0-N) system. On an at Kanawha (Fig. 1), the only site in which soils con-
tained carbonates.equivalent-mass basis, Nashua SOC ranged from 69 to
108 Mg C ha1, in comparison with SOC stocks of 121
Mg C ha1 in the prairie. Effects of Cropping System on
Soil Organic Carbon Stocks
Effects of Nitrogen Fertilization At both sites, cropping systems influenced SOC stocks,on Soil Organic Carbon Stocks but the effects depended on N fertilization and depth
(Table 1). At Nashua, in the 0- to 15-cm depth, meanThe effect of N fertilization on SOC stocks differed
among cropping systems, and between depth intervals SOC stocks (across all N treatments) increased signifi-
cantly (P 0.032) for cropping systems in the followingand sites (Table 1). At Nashua, for the 0- to 15-cm
depth, the effect of N fertilization on SOC stocks (aver- order: CS CCCCOA. Soil OC stocks were signifi-
cantly lower in CS than in CCOA at the 0- and 270-Naged across all cropping systems) was significant (P 
0.007). Within a cropping system, however, SOC in- level (Table 1). At Kanawha, the effect of cropping
system was not significant (P  0.21 for 0–15 cm). Increased significantly with N fertilization only in the CC
system (Table 1). For the 15- to 100-cm depth, the effect pooled comparisons, however, cropping systems that
contained alfalfa in the rotation (CCOA and COAA)of N fertilization across all cropping systems was not
significant (P  0.814), such that SOC to a 1-m depth had significantly higher SOC stocks than systems with-
out alfalfa (CC and CS) at all N levels except 180-Nwas not significantly influenced by N fertilization (P 
0.612). At Kanawha, N fertilization effects across all (Table 1). Omay et al. (1997) had similar results in that
SOC was lower under CS compared with CC at twocropping systems were not significant for the 0- to 15-,
15- to 100-, or 0- to 100-cm depths (P  0.664, 0.724, long-term sites in Kansas, on irrigated soils with lower
SOC than at our sites. In the 15- to 100-cm depth, acrossand 0.896, respectively). At Nashua, mean SOC (Mg C
ha1, 0–100 cm), averaged across all cropping systems all N treatments, the effect of cropping system was not
significant at either site (P  0.222 and 0.181, Nashuafor the 0-, 90-, 180-, and 270-N treatments were 110, 101,
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Table 1. Long-term effects of cropping system and N fertilization on stocks of total soil organic carbon (SOC) for two depth intervals
at the Nashua and Kanawha, IA, long-term experimental sites.
N treatment, kg N ha1‡
Cropping system† 0 90 180 270 MSD§ P PCN¶
SOC, Mg ha1
Nashua, 0–15 cm
CS 31.4a# 34.1 32.8 34.4a 5.5 0.311 0.116
CC 35.1abA 37.8AB 38.4AB 39.5bB 3.5 0.022 0.005
CCOA 39.0b 38.8 38.5 40.5b 3.9 0.369 0.799
MSD 5.4 6.6 6.9 4.8
P 0.019 0.132 0.068 0.020
Nashua, 15–100 cm
CS 45.1 57.5 55.7 51.2a 33.4 0.604 0.262
CC 68.0 60.3 67.6 63.3ab 27.3 0.732 0.524
CCOA 71.1 62.2 65.2 78.3b 21.6 0.148 0.640
MSD 29.1 42.8 52.6 24.8
P 0.062 0.928 0.717 0.043
Kanawha, 0–15 cm
CS 46.0 46.3 48.0 43.9 28.7 0.920 0.991
CC 42.4 46.2 51.3 47.8 24.6 0.481 0.240
CCOA 56.5 50.7 54.2 55.5 16.6 0.471 0.364
COAA 49.8 58.2 53.4 55.9 23.7 0.481 0.231
MSD 22.4 36.1 13.1 20.6
P 0.173 0.459 0.277 0.151
PCC†† 0.045 0.021 0.111 0.020
Kanawha, 15–100 cm
CS 102.7 85.4 96.7 84.5 111.6 0.828 0.516
CC 85.5 73.4 103.8 79.9 109.3 0.626 0.990
CCOA 129.0 129.8 112.2 127.3 94.6 0.787 0.736
COAA 129.3 119.9 94.0 107.5 117.5 0.574 0.347
MSD 100.4 138.2 35.7 48.6
P 0.277 0.324 0.244 0.048
PCC 0.098 0.111 0.628 0.016
† C  corn, S  soybean, O  oat, A  alfalfa.
‡ N fertilizer added in corn phase only.
§ MSD  minimum significant difference, Tukey’s test.
¶ PCN  Significance (P 
 F ) of planned contrasts between unfertilized and fertilized treatments.
# Values within a column (N rate) followed by the same lowercase letter do not differ significantly among cropping systems (P  0.05). Values within a
row followed by the same uppercase letter do no differ significantly among N treatments.
†† PCC  Significance of planned contrast between cropping systems with and without alfalfa in the rotation (CC and CS vs. CCOA and COAA).
and Kanawha, respectively). Within the 270-N treat- Paustian et al. (2002) incorporated detailed data sets
ment, however, systems that contained alfalfa had signif- regarding Iowa climate, soils, land use, andmanagement
icantly greater SOC stocks than did CS (both sites) and practices into CENTURY, a process-based model that
CC (Kanawha only) (Table 1). has been widely used to examine SOM dynamics (Par-
The fact that tillage, as well as cropping system, influ- ton et al., 1987). Paustian et al. (2002) estimated that
ences SOC stocks is well documented (Lal et al., 1997; the current sink for CO2 in agricultural soils in Iowa is
Robertson et al., 2000; Hao et al., 2002). In our study, 3.1MMTC yr1, ≈15% of CO2 emissions from the state’s
because crop effects are confounded with tillage-fre- fossil fuel emissions in 1997 (USEPA, 2001). These re-
quency effects, we cannot discern whether the increase searchers estimated that Iowa’s agricultural soils could
in SOC stocks in systems containing oat and alfalfa was sequester two to three times more C if the 50% of
caused by traits of the crops in the sequence, or the cropland now managed under conventional, intensive
absence of tillage during 2 to 3 yr of the 4-yr sequence. tillage were converted to no-till practices. They also
predicted soil C gains of 0.25 Mg ha1 yr1 by changing
Change in Soil Organic Carbon and Net from intensive- to moderate-till practices. The trends in
Carbon Sequestration our Nashua data were consistent with this latter predic-
tion, although ours was not a straightforward test re-During the 12 yr between the 1990 and 2002 samplings
garding effects of lower tillage frequency because resi-at Nashua, the rates of SOC loss (0–15 cm) in the CS
due inputs also differed (Table 2).(180-N) and CC (0-N), and gains in CC and CCOA
Our analysis of changes in soil C stocks was limited(180-N) did not differ significantly from zero (Table 2).
to the last 12 yr of the experiments and the nine treat-During the same 12 yr at Kanawha, SOC increased for
ments for which we have historical data. To compareall systems, but this increase was significant only in the
net SOC sequestration (0–15 cm) among all fertilizedfertilized CC and COAA cropping systems. The two
treatments during the entire course of the experiment,sites had similar trends among cropping systems in that
we used the unfertilized treatments within each site andthe fertilized CS system had the lowest increase in SOC
cropping system as the baseline for comparison of SOCat Kanawha and the greatest decline at Nashua, even
stocks in the fertilized treatments. In general, with suchin comparison with unfertilized CC. Similarly, Studdert
small differences in soil C storage between fertilizedand Echeverrı´a (2000) found that SOC loss increased
with soybean in the rotation. and unfertilized treatments, the calculated emissions of
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Table 2. Change in soil organic carbon (SOC, 0–15 cm) between 1990 and 2002 at the Nashua and Kanawha, IA, long-term experimen-
tal sites.
Site Cropping system† N treatment SOC change‡ SOC rate of change P0§
kg N ha1 mg C g1 Mg C ha1 yr1
Nashua CS 180 1.47 (0.86) 0.21 (0.13) 0.304
CC 0 1.23 (1.01) 0.18 (0.15) 0.480
CC 180 0.47 (1.43) 0.07 (0.21) 0.722
CCOA 180 1.63 (1.77) 0.24 (0.25) 0.280
Kanawha CS 180 2.40 (1.90) 0.30 (0.24) 0.373
CC 0 4.05 (3.25) 0.51 (0.41) 0.402
CC 180 5.10 (1.50) 0.64 (0.19) 0.041
CCOA 180 3.15 (0.35) 0.39 (0.04) 0.107
COAA 180 6.15 (0.25) 0.77 (0.03) 0.002
† C  corn, S  soybean, O  oat, A  alfalfa.
‡ Changes during 12 yr were calculated using data from Robinson (1993), August sampling, assuming no change in bulk density.
§ P0  significance of rate of change across time (within cropping system and N treatment).
CO2 from fertilizer production nearly equaled or ex- for CO2 emissions associated only with N fertilizer, and
ceeded the increase in soil C accumulated in 17 out of our conversion factor (1.4) was higher than in other
21 of our cropping systems under the three fertilization studies (West and Marland, 2002). Nevertheless, our
levels (Table 3). By Schlesinger’s (2000) method of cal- estimates of net C flux were only 2% higher than the
culation, as much as 793% of the increase in soil C average reported for corn under conventional tillage
stored was released as CO2 during the fertilizer produc- (West and Marland 2002), and our estimates of CO2
tion. The analysis was not meaningful in six of the sys- emissions fall within the range expected due to variabil-
tems due to a negative difference in SOC stocks (i.e., ity among sites (Marland et al., 2003).
SOC stocks were higher under the unfertilized treat-
ment). The only system that showed a net gain in SOC Constraints to Soil Organic Carbon Sequestration
at Nashua was the CS under 90-N treatment. At Ka-
Sequestration of SOC is determined by the differencenawha, the CC (90-N and 180-N) and COAA (all three
between inputs of organic C and losses via decomposi-N levels) had net gains in SOC. With N fertilizer added
tion. The N fertilization treatments applied to corn inonly once every 4 yr, the COAA system probably
the two experiments increased corn yield (comparedachieved a favorable balance because the CO2 emissions
with the unfertilized check) of the CC and CS systemsassociated with fertilizer production and use were low
in all years of the studies. Fertilizer N also increaseddue to lower N inputs, and did not offset the increase
oat yield of the CCOA in many years, while yields ofin SOC from the cropping system. Our analyses by
soybean, alfalfa, and oat for the COAA system (at Ka-Schlesinger’s (2000) method differed from recent stud-
ies of C emissions in agriculture in that we accounted nawha) were not affected (Mallarino and Pecinovsky,
Table 3. Proportion of apparent C sink in soil that is released during N fertilizer production at the Nashua and Kanawha, IA, long-
term experimental sites.
Cropping system† N treatment‡ Cumulative N application§ Cumulative C cost¶ CO2–C released¶
kg ha1 mol N m2 g C m2 % of sequestration
Nashua
CC 90 14.8 249 92
180 29.6 497 149
270 44.3 746 167
CS 90 7.4 124 46
180 14.8 249 172
270 22.2 373 125
CCOA 90 7.4 124 NM#
180 14.8 249 NM
270 22.2 373 251
Kanawha
CC 90 25.9 436 114
180 52.0 875 98
270 57.6 968 177
CS 90 13.0 218 793
180 26.0 438 222
270 28.8 484 NM
CCOA 90 13.0 218 NM
180 26.0 438 NM
270 28.8 484 NM
COAA 90 6.5 109 13
180 13.0 219 61
270 14.4 242 40
† C  corn, S  soybean, O  oat, A  alfalfa.
‡ N fertilizer added in corn phase only.
§ Based on the history of N application since 1979 at Nashua and 1948 at Kanawha.
¶ Calculation described by Schlesinger (2000).
# NM  not meaningful due to negative value (less soil C in fertilized treatment).
R
ep
ro
du
ce
d 
fro
m
 S
oi
l S
cie
nc
e 
So
cie
ty
 o
f A
m
er
ica
 J
ou
rn
al
. P
ub
lis
he
d 
by
 S
oi
l S
cie
nc
e 
So
cie
ty
 o
f A
m
er
ica
. A
ll c
op
yr
ig
ht
s 
re
se
rv
ed
.
RUSSELL ET AL.: N AND CROP EFFECTS ON SOIL C SEQUESTRATION 419
Table 4. Correlations between corn yields and soil organic carbon Soil Organic Carbon Mineralization
(SOC) stocks (0–100 cm) in three cropping systems under four
N treatments at theNashua andKanawha, IA, long-term exper- Soil C/N ratios provide insight into SOC quality and
imental sites. relative ‘decomposability’. Soil C/N ratios were higher
under native prairie than the agricultural systems, andCorrelation of SOC
with yield‡ remained relatively constant with depth, whereas C/N
ratios decreased substantially with depth in agriculturalSite Cropping system† r§ P
systems (Fig. 1). Among the agricultural soils at Nashua,Nashua CC 0.148 0.852
C/N ratios were higher under CC than CS and CCOACS 0.841 0.159
CCOA 0.038 0.962 (Table 5). Variability in soil C/N between blocks was
Kanawha CC 0.344 0.655 high at Kanawha, such that differences were not signifi-CS 0.621 0.379
CCOA 0.489 0.511 cant. The high C/N ratios in the prairie soils and the
soils under CC at Nashua suggest that the SOC was† C  corn, S  soybean, O  oat, A  alfalfa.
‡ Average first-crop corn yield data for Nashua are from 1979–1998, and relatively less decomposed in these systems relative to
from Kanawha, 1985–1998; SOC data are from 2002. the CS and CCOA systems. However, C/N ratios tell
§ Pearson’s correlations coefficient, n  4 in each comparison.
only part of the story.
Averaged across the whole growing season (2001),1999; Mallarino and Rueber, 1999). Measurements of
PMC determined by 28-d aerobic incubations did notcorn biomass production that we conducted in 2001 and
differ significantly among cropping systems (P  0.104)2002 at both sites at the physiological maturity growth
or N treatments (P 0.293) (CropN rate, P 0.421).stage indicated, as expected, that N fertilization in-
However, PMC varied significantly during the course ofcreased residue inputs (Russell, unpublished data, 2001
the growing season (P  0.001), and effects of croppingfor Nashua and 2002 for Kanawha). In spite of large
system depended on the N treatment and month (Ta-grain yield response to N fertilization, yield was not
ble 6). During the summer months at Nashua, PMC wassignificantly correlated with SOC stocks (0–100 cm) un-
significantly lower in theCC cropping system than underder any cropping system, at either site (Table 4). Also,
CCOA (June–August 2001) and CS (June 2001 only)corn yields across all cropping systems within a site were
(Table 6). With seasonal data from only 1 yr, we coulduncorrelated with SOC stocks (r  0.080, n  12, P 
not evaluate the strengths of the seasonal relationships.0.806 at Nashua; r  0.262, n  16, P  0.327 at Ka-
Because our sampling was limited to plots in the firstnawha). These results suggest that differences among
corn rotation, these differences in trends in mineraliza-systems in SOC sequestration (Table 2) were not related
tion may reflect the decomposability of residue fromto quantity of residue inputs alone.
the previous crop (i.e., soy for CS, corn for CC, and al-At Nashua, the lack of significant change in SOC
falfa for CCOA). Nevertheless, by fall, for which weconcentrations during the last 12 yr of the experiment,
have 2 yr of data, cropping systems did not differ inand SOC levels well below those of the native prairie,
PMC in either year. This suggested that relatively labilesuggest that constraints to SOC sequestration exist in
OM from the previous year had been mineralized bythese systems. One explanation for this, and for the lack
the end of the growing season, regardless of the qualityof correlation between quantities of inputs and SOC
of the residue inputs in the previous year. At Kanawha,stocks, is that decomposition processes play a relatively
PMC was significantly higher under COAA than underimportant role in C sequestration in these systems. By
CS, but we do not have insights into the seasonal dynam-examining various aspects of SOC quality and mineral-
ics at that site. In long-term studies in CC and CS rota-ization, we evaluated the potential for cropping system
tions in Kansas, PMC in fall samples was not influencedand N fertilization to influence SOMdecomposition dif-
ferentially. by crop rotation (Omay et al., 1997). Ajwa et al. (1998)
Table 5. Long-term effects of cropping systems and N fertilization on soil C/N at the Nashua and Kanawha, IA, long-term experimen-
tal sites.
N treatment, kg N ha1
Site Cropping system† 0 90 180 270 MSD‡ P
C/N, 0–15 cm
Nashua CS 12.26b§ 12.34 12.20 12.07 1.11 0.860
CC 13.27a 13.03 13.11 12.94 0.56 0.283
CCOA 12.57b 12.40 12.46 12.69 0.54 0.341
MSD 0.55 0.78 1.12 1.30
P 0.007 0.060 0.098 0.158
Prairie 13.24
Kanawha CS 13.37 13.61 13.35 13.02 2.12 0.667
CC 13.22 12.76 13.19 12.81 1.96 0.602
CCOA 12.95 12.82 12.82 12.86 1.26 0.941
COAA 12.63 12.99 12.58 12.77 1.62 0.651
MSD 2.41 3.61 0.82 1.10
P 0.562 0.805 0.060 0.839
† C  corn, S  soybean, O  oat, A  alfalfa.
‡ MSD  minimum significant difference, Tukey’s test.
§ Values within a column followed by the same lowercase letter do not differ significantly among cropping systems (P  0.05). Prairie data are not
included in ANOVA.
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Table 6. Potential mineralization of carbon (PMC) at the Nashua and Kanawha, IA, long-term experimental sites: Significant effects
of cropping system and N fertilization.
Site Date PMC MSD† P
mg kg1
Cropping system‡
CS CC CCOA COAA
Nashua June 2001§ 379b¶ 329a 379b – 51 0.038
July 2001 345a 362a 423b – 31 0.002
August 2001 242a 252a 286b – 30 0.013
October 2001 255 282 298 – 98 0.376
October 2002 301 340 335 – 46 0.071
Kanawha October 2002 295a 359ab 363ab 426b 93 0.025
N treatment, kg N ha1
0 90 180 270
Nashua April 2001 204 – 254 – 46 0.035
June 2001 384 – 340 – 36 0.024
July 2001 404 – 349 – 33 0.006
October 2001 282 – 274 – 47 0.376
October 2002 321 328 321 330 36 0.837
Kanawha October 2002 365 361 352 363 30 0.606
† MSD  minimum significant difference, Tukey’s test.
‡ C  corn, S  soybean, O  oat, A  alfalfa.
§ Data for 2001 are from the 5- to 15-cm depth, and for 2002 from the 5- to 15-cm depth interval. The PMC in the prairie reference site (for Nashua)
was 863 mg kg1 in August 2002.
¶ Values within rows followed by the same lowercase letter do not differ significantly between cropping systems (P  0.05). Each value represents the
mean across N treatments. Native prairie was not included in the ANOVA.
found that management practices influenced mineral- and decomposition losses (Tables 4, 6). At Nashua, SOC
stocks were lowest in CS (86 Mg C ha1, mean acrossization potentials in both surface and subsurface soils
collected in April. In the 2001 study at Nashua, the all N treatments, 0–100 cm), the cropping system with
the lowest residue inputs (estimated from long-termPMC/SOC ratio varied among months (P  0.001), but
not in interaction with cropping system or N fertiliza- yield data reported by Mallarino and Pecinovsky, 1999)
and relatively high PMC in spring. Soil C stocks weretion. Trends among cropping systems in PMC did not
reflect trends in soil C/N ratios, suggesting that SOC intermediate (102 Mg C ha1) in CC, with intermediate
yields and low PMC in spring. Stocks were highest (108mineralization is also influenced by other factors, such
as weather, timing of leaf drop and root turnover, physi- Mg C ha1) in CCOA, the system with the highest yields
cal and chemical structure of the biomass, and optimal and relatively high PMC. Trends were similar at Ka-
C/N ratio for decomposers (Huggins et al., 1998). Nitro- nawha, with SOC stocks high in CCOA and COAA
gen fertilization influenced the seasonal dynamics of (179 and 167 Mg C ha1) and low in CS and CC (138
PMC, with PMC significantly higher in April (before and 133 Mg C ha1). Although yields were generally
planting and fertilization), and significantly lower by higher with N fertilization, higher PMC in spring may
early summer (Table 6). By late summer, PMC did not have offset SOC gains, as evidenced by the general lack
differ among fertilization regimes in either year at of significant increase in SOC stocks with N fertilization.
Nashua, or for either site in 2002. Omay et al. (1997)
found that PMC pool size for samples collected in Sep- Soil Organic Carbon Fractions
tember increased by 32% with fertilizer addition, al-
Both POC and resistant SOC increased in the orderthough the rate constant did not increase.
CSCCCCOA (Table 7). ParticulateOCwas signif-Potentially mineralizable C was 2.4 times higher in
icantly lower under CS than CC and CCOA (180-Nthe prairie than in the highest cropping system, CCOA
only), and resistant C was significantly higher in CCOA(Table 6). However, the ratio of PMC/SOC was lower
than CS (0-N only). Neither POC nor resistant C wasin the prairie, 0.0137, compared with the agricultural
influenced by N fertilization. Liebig et al. (2002) studiedsystems, where the lowest value was 0.0141 in the 0-N
several soil properties in a long-term cropping systemCCOA. Thus, although the native prairie system had
in Nebraska and observed that N fertilization (180 kghigher PMC, a relatively smaller fraction of the SOCwas
ha1 N) increased POC in only one of four croppingmineralized in comparisonwith the agricultural systems.
systems examined, theCC system. In our study, resistantThe highest PMC/SOC ratio was 0.0175 in the 0-N CS
C averaged 67% of SOC in the cropped systems, andsystem. Ajwa et al. (1998) also found that the ratio
91% in the prairie. Particulate OC and resistant SOCof PMC/SOC tended to be greater in agricultural sites
concentrations in the prairie were 2.6 and 3.9 times higher,compared with tallgrass prairie in Kansas. These data
respectively, than the highest values measured for theare consistent with the C/N ratio data and indicate that
cropping systems, the unfertilized plots of the CCOASOC in the native prairie is inherently more resistant
system (Table 7).to decomposition, whereas SOC in CS systems is less
Trends in SOC fractions were similar to those of totalresistant to decomposition.
SOC, indicating that cropping systems impact both theOur data are consistent with the concept that SOC
sequestration is influenced by both inputs of organic C quantity and the quality of SOC. Cropping systems that
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Table 7. Long-term effects of cropping system and N fertilization P. Ng, J. Ohmacht, N. O’Leary, N. Rogers, O. Smith, E. Sten-
on SOC fractions, particulate organic carbon (POC), and resis- back, and D. Wetterauer. We thank D. Meek and P. Dixon
tant C (0- to 15-cm depth) at the Nashua, IA, long-term experi- for statistical advice. Regarding Hayden Prairie, we thank P.
mental site. Christiansen and J. Pearson for vegetation information, M.
N treatment, kgNha1 Thompson for background information, and D. Howell for
assistance with access. This study was partially supported byCropping system† 0 180 MSD‡ P
USDA, CREES, under Agreement No. 2001-38700-11092.
POC§, g kg1
CS 4.31 4.18a¶ 2.66 0.862 REFERENCES
CC 4.38 5.04b 1.35 0.170
CCOA 5.39 5.15b 0.62 0.243 Ajwa, H.A., C.W. Rice, andD. Sotomayor. 1998. Carbon and nitrogen
MSD 2.70 0.78 mineralization in tallgrass prairie and agricultural soil profiles. Soil
P 0.373 0.021 Sci. Soc. Am. J. 62:942–951.
Prairie 14.18 Blake, G.R., and K.H. Hartge. 1986. Bulk density. p. 363–375. In A.
Resistant C§, g kg1 Klute (ed.) Methods of soil analysis, Part 1. 2nd ed. Agron. Mongr.
CS 12.74a 13.41 1.97 0.281 9. ASA and SSSA, Madison, WI.
CC 13.01ab 14.59 1.92 0.072 Cambardella, C.A., and E.T. Elliott. 1992. Particulate soil organic-
CCOA 15.35b 14.85 1.71 0.333 matter changes across a grassland cultivation sequence. Soil Sci.
MSD 2.48 2.70 Soc. Am. J. 56:777–783.P 0.036 0.244
Christensen, P. 1996. Frequency study of Hayden Prairie, 1995. FinalPrairie 60.02
report to State Preserves Advisory Board, Iowa Dep. of Nat. Res.,
† C  corn, S  soybean, O  oat, A  alfalfa. Des Moines, IA.
‡ MSD  minimum significant difference, Tukey’s test. Cole, C.V., K. Flach, J. Lee, D. Sauerbeck, and B. Stewart. 1993.
§ Values represent means of monthly sampling (April–July 2001), except Agricultural sources and sinks of carbon. Water Soil Air Pollut.
prairie values from August 2002. 70:111–122.¶ Values within a column followed by the same lowercase letter do not
Dumanski, J., R.L. Desjardins, C. Tarnocai, D. Monreal, E.G. Gre-differ significantly between cropping systems (P  0.05).
gorich, V. Kirkwood, and C.A. Campbell. 1998. Possibilities for
future carbon sequestration in Canadian agriculture in relation to
included oat and alfalfa in the rotation had the greatest land use changes. Clim. Change 40:81–103.
Ellert, B.H., H.H. Janzen, and B.G. McConkey. 2001. Measuring andpotential to accumulate SOC and to accumulate more
comparing soil carbon storage. p. 131–146. In R. Lal et al. (ed.)stabilized forms of SOC, whereas the CS system had
Assessment methods for soil carbon. Lewis imprint of the CRCthe lowest potential. Furthermore, all four indices of Press, Boca Raton, FL.
quality indicated that SOC in the CS system was more Halvorson, A.D., B.J. Wienhold, and A.L. Black. 2002. Tillage, nitro-
gen, and cropping system effects on soil carbon sequestration. Soillabile relative to SOC under CC and CCOA. Nitrogen
Sci. Soc. Am. J. 66:906–912.fertilization had little effect on indices of SOC quality
Hao, Y., R. Lal, L.B. Owens, R.C. Izaurralde, W.M. Post, and D.L.other than to stimulate C mineralization during spring.
Hothem. 2002. Effect of cropland management and slope position
on soil organic carbon pool at theNorthAppalachianExperimental
Watersheds. Soil Tillage Res. 68:133–142.CONCLUSIONS
Huggins, D.R., C.E. Clapp, R.R. Allmaras, J.A. Lamb, and M.F.
Layese. 1998. Carbon dynamics in corn-soybean sequences as esti-Our data indicate that the dominant cropping system of
mated from natural carbon-13 abundance. Soil Sci. Soc. Am. J.the upper Midwest, CS rotation with conventional tillage
62:195–203.(chisel plowing for corn phase and disking for soybean Ingram, J.S.I., and E.C.M. Fernandes. 2001. Managing carbon seques-
phase) is not suitable for increasing SOC stocks. On the tration in soils: Concepts and terminology. Agric. Econ. Environ.
87:111–117.other hand, cropping systems that include alfalfa in 1 to
Iowa Environmental Mesonet. IEM Climodat Interface [Online]. 2004.2 yr of a 4-yr rotation are a viable management option
(http://mesonet.agron.iastate.edu/climodat/index.phtml) [verified 1for increasing SOC stocks. This study was not designed,
Nov. 2004]. Dep. of Agronomy, Iowa State Univ., Ames.
however, to test whether the increased SOC quantity and Izaurralde, R.C., W.B. McGill, A. Bryden, S. Graham, M. Ward, and
quality in the CCOA system were the result of crop traits P. Dickey. 1998. Scientific challenges in developing a plan to predict
and verify carbon storage in Canadian prairie soils. p. 433–446 Inper se, or reduction in tillage intensity. In this study, N
R. Lal et al. (ed.) Management of carbon sequestration in soil.fertilization had no significant effects on indices of SOC
CRC Press, Boca Raton, FL.quality, with the exception of stimulation of mineraliza- Lal, R. 2002. Why carbon sequestration in soils. p. 21–30. In J.M.
tion in early spring. Nitrogen fertilization resulted in sig- Kimble et al. (ed.) Agricultural practices and policies for carbon
sequestration in soil. CRC Press, Boca Raton, FL.nificantly higher SOC stocks for only one of four cropping
Lal, R. 2003. Achieving soil carbon sequestration in the United States:systems studied, the CC, and at only one of two sites.
A challenge to policy makers. Soil Sci. 168:827–845.Because of the C cost for N fertilizer production, N fertil-
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